To reduce the influence of the static unbalance on an infrared missile guidance system, a new static unbalance measure system for the gimbals axes has been developed. Considering the coupling effects caused by a mass eccentricity, the static balance condition and measure sequence for each gimbal axis are obtained. A novel static unbalance test approach is proposed after analyzing the dynamic model of the measured gimbal axis. This approach is to drive the measured gimbal axis to do sinusoidal reciprocating motion in a small angle and collect its drive currents in real time. Then the static unbalance of the measured gimbal axis can be obtained by the current multi-cycle integration. Also a measuring system using the proposed approach has been developed. A balanced simulator is used to verify the proposed approach by the load and repeatability tests. The results show the proposed approach enhances the efficiency of the static unbalance measurement, and the developed measuring system is able to achieve a high precision with a greater stability.
Introduction
An inertial stabilization platform is the core component of an infrared guidance system, which generally is composed of a mechanical device, tri-axial gimbals, torque motors, sensors, information processing circuits and other units. The aim of an inertial stabilization platform is to stabilize the sensor's line of sight towards a target by isolating the sensor from the disturbance induced by the operating environment, such as various disturbance torques and body motions [1] [2] [3] [4] . In an inertial stabilization platform, because of the structure design errors, material defects, machining and assembly errors, and so on, the centroid is usually shifted from the center of a gimbals axis, which causes an unbalance torque. Furthermore, the unbalance torque will be increased with the augment of the carrier acceleration. As a result of the coupling effect between the gimbals elements, once the unbalance torque is beyond a certain level, not only the optical axis vibrations and the output signals unsteadiness will be induced, but also the hit accuracy and the flight stability of a missile will be attenuated [5] [6] . In order to improve the missile guidance accuracy and reliability, and reduce the power consumption due to the appearance of the static unbalance torque during the adjustment process, the mass eccentricity of the gimbals axes must be calibrated. Therefore, it is important to analyse the static unbalance property of the inertial stabilization platform and find an appropriate method to test the static unbalance.
In the past decades, two typical categories of test systems based on the principle of hydrostatic supporting or optical adjusting, respectively, have been developed to measure the rotor static unbalance [7] [8] [9] [10] [11] [12] . Such methods as the electronic balance, guide rolling and the multipoint measurement fall into the first category, which is based on the principle of hydrostatic supporting. Although the realization of the first category methods is fairly simple, the measuring systems corresponding with them are usually purely mechanical systems which are difficult to install or dismantle. Thus, the first category methods are inconvenient to use and have a low testing precision. The second category methods mainly use the optical adjustment approach. They overcome the inconveniences of the first category methods. However, they often encounter the problem of a poor stability and a low efficiency, since they rely more on environment changes. In order to overcome the shortcomings of the conventional methods, an influence coefficient method and a modal balance method have been investigated in recent years. Several rotor vibration types can be balanced at the same time by using the influence coefficient method. With the aid of a computer, this method can easily achieve the balance and automation of data processing. However, using this method may cause many balance reboots at a high rotation speed, and the sensitivity will be reduced in the case of balancing a higher vibration type [13] [14] [15] . On the contrary, by using the modal balance method to balance the rotor fewer balance reboots occur at a high rotation speed, and this method has a higher sensitivity even at a lower order vibration type. But, when the system damping impact increases, this method may encounter a problem of difficult determining a certain vibration type, so its availability is reduced [16] [17] [18] . A much more serious inconvenience of both the influence coefficient and the modal balance methods is consuming much more time to deal with rather complex calculations. The two methods apply many fixtures to fix the measured object, and the rotation speed is difficult to control effectively, which could easily damage a measured object. Therefore, they are not appropriate for balancing a precision equipment.
To improve the tracking accuracy of an infrared missile guidance system, the static unbalance torque caused by the mass eccentricity of gimbals axes must be reduced. Because the above mentioned methods and systems are not suitable to test the unbalance of gimbals axes for the inertial stabilization platform, this paper proposes a new unbalance testing method of gimbals axes and a design of a new measuring system. First, the coupling effect caused by the static unbalance between the gimbals elements of the inertial platform is analysed. Then, a current integration method used to test the unbalance of a gimbals axis is proposed, followed by the development of a test system based on the proposed method. Finally, a balanced simulator of the inertial stabilization platform is used to conduct loading tests and repeatability tests. The results prove the effectiveness of the proposed test method and the developed measuring system.
The static balance analysis of the inertial platform gimbals axes
The structure of the inertial stabilization platform is shown in Fig. 1 . It contains three gimbals; each for one degree of freedom. From now on they will be called the outer, the middle and the inner gimbal. The outer gimbal is the carrier of the middle gimbal axis, and its axis is placed on the base. The optical detector is fixed on the inner gimbal, and the inner gimbal axis is fixed on the middle gimbal. The outer, middle and inner gimbal axes are perpendicular to each other. This structure not only isolates interferences from the carrier itself and from other external disturbances, but also assures the optical axis of the detector precisely pointing at the target while the gimbals are in the continual regulation [19] . To facilitate modelling and analyzing the coupling effect caused by the mass eccentricity of gimbal axes, five coordinates are defined in this study, and the relationships between them are shown in Fig. 2 . It is assumed that the coordinate C describes the transformation from m m m m o x y z to p p p p o x y z . In the case of the initial condition, the flats of the middle gimbal and the inner gimbal coincide with each other. The optical detector is fixed on the inner gimbal and its axis is exactly aligned with p p o x ; they are pointing at the front of the carrier. o x y z and p p p p o x y z defined above, the gravitational acceleration of the inertial stabilization platform is described from the inertial coordinate to the outer, middle and inner coordinates, respectively, as follows: 
It is assumed that the gimbals and the detector are rigid bodies, and only relative rotations exist between each of the gimbals. The symbols 
It is obvious that α , β , γ change with time. So, to make the Eq. (5) true, it requires holding the following Eq. (6):
Similarly, the unbalance torque projects in 
where [ ] 
Since , , α β γ change with time, only the condition of the Eq. (9) is satisfied. So, the Eq. (8) can be true. [ 
Since , , α β γ change with time, only the condition of the Eq. (12) is satisfied. Thus, the Eq. (11) can be true. 
As the above process shows, for the inertial stabilization platform with three degree of freedom the key to balance the gimbals is designing a counterweight to counteract the static unbalance torque caused by the mass eccentricity, and make the centroid of each gimbal return to its rotation centre. It can be seen from the Eqs. (6), (9) and (12) that the inner gimbal rotates only around p y , which means that the mass eccentricity of the inner gimbal and its accessory along p y has no effect on the unbalance torque of the inner gimbal. However, it affects both the middle and outer ones. Since the middle gimbal rotates only around m z , the mass eccentricity of the middle gimbal and its accessory along m z have no effect on the unbalance torque of the inner and middle gimbals, but only of the outer gimbal. In addition, although the inertial stabilization platform has the inner, the middle and the outer gimbals, each gimbal uses an entirely independent servo apparatus. So, whichever of the gimbals is chosen as the unlocked one to test its unbalance while the two other gimbals are locked, the locked gimbals have a little influence on the measured gimbal.
Therefore, the test sequence of the static unbalance for the inertial stabilization platform should follow the order from the inside gimbal to the outside one. The first step is to fix the outer and middle gimbals, and then to measure the inner gimbal unbalance during its vibration within the allowed rotation angle scale. After that, the inner gimbal is counterweighed according to the test result. The second step is to lock the outer gimbal, simultaneously locking the inner gimbal which has been counterweighed, and to measure the middle gimbal unbalance when it is driven to rotate within the allowed rotation angle scale. After that, the middle gimbal is balanced according to the test results. The last step is to fix simultaneously both the inner and middle gimbals, -already counterweighed -and to measure the outer gimbal unbalance when it is driven to rotate within the allowed rotation angle scale. After that, the outer gimbal is counterweighed until reaching a balanced state according to the test result. Since then, the gimbals of the inertial stabilization platform are all counterweighed.
The aforementioned conditions and characteristics of the static balance for the inertial stabilization platform are based on the assumption that the carrier is motionless. When the carrier has an acceleration a , first the acceleration a could be transformed from the 
The dynamical model analysis of the static unbalance test
One of the gimbal axes is chosen as the measured one according to the measurement sequence from the inside to the outside gimbals. It is important to make sure that the measured gimbal axis is parallel with the horizontal shaft of the angular position turntable before driving it to test the static unbalance. And -in order to eliminate disturbances -the other two gimbals should be fixed in a stable state. In this paper, to simplify the model, the measured gimbal is considered to be a disk with the mass m , and with the rotary inertia J . It is assumed that both the measured gimbal axis and the axis of the angular position turntable take the direction to the positive values of X . So, the single disk coordinate system is built as shown in Fig. 3 , where C is the mass centre of the disk. O′ , O and e are the whirling centre, the geometry centre and the eccentricity of the disk, respectively. The angular velocity of the disk is φ & , and the torque of the driven motor is denoted by motor M . Then, the differential equation of the single disk motion can be easily formulated by the rotor dynamics model, which is built according to the second Lagrange equations. The motion of a rigid body can be separated into the translational and the rotational motions by its centroid. Therefore, the energy of the single disk can be written as follows [20] [21] [22] [23] [24] [25] 
The total virtual work caused by active forces on the single disk system is expressed as
where c is the damping factor of the translational motion, f K is the damping factor of the rotational motion, k is the bending stiffness of the disk, and CR K is the torsion stiffness of the disk.
According to the Eq. (14), the generalized forces corresponding to , , y z φ are shown as follows:
Inserting the Eqs. (13) and (14) into the following Second Lagrange Equation [16] :
the final differential equation of the disk motion can be obtained as: . So, the Eq. (17) can be rewritten by the Eq. (18) to analyse the unbalance torque:
Since the disk is an isotropic rigid body, and -what has been discussed in this paper -is a tiny-angle scale vibration, the oo′ can be regarded as constant. Though the parameters ψ and φ are time variables, the difference value between them remains unchanged. Therefore, on the right side of the Eq. (18) 
If the disk vibrates with a sinusoidal reciprocating motion within a small angle range the angular velocity is 
It can be seen from the Eq. (20) that, as long as the disk is doing a stabilized sinusoidal vibration in a small angle range, e.g. from 3
o , the unbalance torque caused by the mass eccentricity can be considered as constant.
In addition, it can be seen from the Eq. (17) that the variation of the static unbalance torque caused by the mass eccentricity is similar to a sinusoid function if the disk rotates in a full circle.
The composition of the static unbalance test system
The composition of the static unbalance test system for the inertial stabilization platform is shown in Fig. 4 . It can be seen that the test system consists of controllers from NI Company, multifunctional data acquisition cards, a self-developed signal conditioning board, a horizontal shaft angular position turntable, various fixtures, a power source, etc.
In the static unbalance test system, the signal conditioning board is not only used to communicate between the measured inertial platform and the multifunction data acquisition card, but also to deal with the signal scale transformations and filtration. The angular position turntable is driven by an AC servo controller, and the control signal is transmitted by a serial port line from the controller of the static unbalance test system. The control signals of the entire gimbal axis come from I/O ports and timers of the multifunction data acquisition card, which is also controlled by the controller.
The implementation of the static unbalance test

The test procedures
The static unbalance test procedures of the measured gimbal axis by the developed measurement system shown in Fig. 4 are introduced as follows.
The first step is to install the measurement system, where the measured gimbal axis of the inertial platform is adjusted paralleling to the horizontal axis of the angular position turntable by changing the orientation of the sectional fixture, and the other two gimbal axes are fixed in a stable state.
The second step is to record the initial zero-locations of the angular position turntable and the measured gimbal axis. The angular position, where the angular position turntable is driven to reach and to be locked, is pre-set.
The third step is to input all the needed parameters to the controller and run the monitoring software which is programmed by the graphical programming software Lab VIEW. So the running status of the system can be displayed directly by animations, graphs, curves and virtual panels on the indicator.
The fourth step is to choose a gimbal axis of the inertial stabilization platform as the measured gimbal according to the sequence of the static unbalance test. At the same time, the other two gimbals must be locked by the dual-loop PID control method.
The fifth step is to drive the angular position turntable to each pre-set angular position i θ , where i is equal to 1, 2, 3, …, 36 in this paper. Then, the angular position turntable is locked according to the angular displacement control signal which is generated by the test system controller.
The sixth step is to drive the measured gimbal axis to do a limited angle sinusoidal vibration at the angular velocity of
. At the same time, the real time drive current of the measured gimbal axis is acquired and recorded.
The seventh step is to obtain the unbalance torque of the measured gimbal axis by the multi-cycle integration of the driven current. According to the analysis of the measured gimbal in Section 2, the expression of the unbalanced value i M θ can be obtained. According to the angular position i θ found from the fitting graph s MT~i θ , first the angular position turntable is driven back to its original position, which is marked as the zero point. Presently, the angular position turntable is driven again in the same direction as before until it arrives at the position i θ . Then the angular position turntable is fixed. If the direction of the angular position turntable is clockwise (or anticlockwise) in the previous measuring process, on the end face of the measured gimbal, the unbalance position should be on the left (or right) side of the horizontal diameter, while the load position should be placed on the right (or left) side. Furthermore, the counterweight can be designed as follows:
where m denotes the counterweight and R denotes the radius of the measured gimbal axis.
The test results and analysis
A simulator of the inertial stabilization platform is designed as shown in Fig. 6 , which is used to validate the effectiveness of the proposed method and estimate the precision of the developed system. The simulator has the same hardware configuration and electrical characteristics as the outer gimbal of the inertial stabilization platform, and it is counterweighted and calibrated before the measurement. There are two concentric circles A C and B C on the end face of the simulator and their centres are consistent with the end face centre o. The radius of the concentric circle A C is 5.10 cm, and the B C one is 3.50 cm. In order to load the clump weight during the measuring procedure, there are 16 mounting holes distributed on the two concentric circles. The 1th to 8th mounting holes are distributed on the circle A C , and the other 9th to 16th mounting holes are distributed on the concentric circle B C .
The loading test
There is a mounting hole on the A C 's radius which is in the direction of 45.50° related to the initial zero position. A 25.81 gram mass is imposed on this mounting hole to generate a static unbalance torque of 12.91 mN m ⋅ . The angular position turntable is driven to every preset position, so the total number of measurements equals to 36. For each angular position, the angular position turntable is locked. After that, the measured gimbal is driven to do a sinusoidal vibration in a small angle range and the angular rate of Table 1 . As previously mentioned in this paper, it is difficult to check the amount and the position of the static unbalance torque from Table 1 , so the data are inserted into the Eq. (22), and the fitted result is 12.04sin( 44.20) 3.47
According to the fitting formula, i.e. the Eq. (24), the fitted value of the static unbalance torque is 12 Table 1 and Fig. 7 are satisfactory, which shows a good effectiveness of the method and a high accuracy of the measuring system. Because of the contingency, it is difficult to confirm the effectiveness of the proposed method and to completely estimate the precision of the developed system with a single loading test. So, two groups of loading tests were carried out, and their results are presented in Tables 2 and 3 (1) The first group of loading tests During each single loading test, a different mass N m is imposed on the simulator by one of the mounting holes -located on the circle A C -to generate the static unbalance torque. According to the method proposed in this paper, there are 36 test points in each loading test. The results of 8 loading tests are listed in Table 2 . Table 2 . The loading test of the static unbalance torque (The mass is imposed on the circle CA).
Load value
The radius of the concentric circle CA is 5.10 cm.
[ It can be seen from Table 2 In this paper, RMSE is calculated and used to evaluate the effectiveness of the method and the accuracy of the measuring system. 
Generally, the static unbalance test systems, based on the principle of hydrostatic supporting or optical adjusting, have the static unbalance torque errors no less than 10 mN m ⋅ and the orientation errors no less than 20°. The loading test demonstrated the effectiveness and a high accuracy of the measuring system.
(2) The second group of loading tests
For the second group of loading tests, the adopted mass N m is the same as for the first group of loading tests, but it is imposed on one of the CB's mounting holes in each single loading test. Like before, the results of eight single loading tests are listed in Table 3 . The values of R M S E M T and RMSE b calculated with the Eqs. (25) and (26) 
The repeatability test
In order to confirm the accuracy and stability of the proposed method, two groups of repeatability tests were carried out. Both the clump weight and mounting hole are pre-selected for every group of repeatability tests. Table 4 . During a repeatability test, the RMSE values are used to define the accuracy and stability of the proposed method. They are calculated as follows: 
It is obvious that the accuracy and stability of the proposed method are confirmed by the results which are calculated by the Eqs. (27) and (28).
In the first group of repeatability tests the number of test points is equal to 36 during every test. Although the calculated RMSE values are very small, the test process takes a lot of time. According to the theory of least squares fitting, in the case of the test data accuracy, the static unbalance values of s MT ， b and MK are fitted by a finite number or a large number test point data. The difference of fitted results between them should be small. So, the second group of repeatability tests is carried out.
(2) The second group of repeatability tests During the second group of repeatability tests, the clump weight and mounting holes are the same as in the first group. In order to save the testing time, the number of test points is reduced to 18 during every repeatability test. In the same way, 10 repeatability tests are performed and their results are listed in Table 5 . Based on the data listed in Table 5 , it can be easily calculated with the Eq. (27) and (28), that the value of RMSE MT is 0.86 mN m ⋅ , and the value of RMSE b is 0.95°. Compared with the values obtained in the first group of repeatability tests, the RMSE values are a bit higher, but the test process duration is twice shorter. It can be concluded that the precision test value of the static unbalance can be fitted with a small amount of test point data while the measured gimbal axis is controlled to run a good state, and its status data are collected more accurately. This method does not affect the static unbalance test accuracy, but also saves a lot of the testing time.
Both the loading and repeatability tests fully prove that the proposed test method has a good stability, and the developed static unbalance test system has a high testing precision.
Conclusions
The static balance condition and measuring sequence for each gimbal axis of the inertial stabilization platform are obtained based on the analysis of the coupling effects caused by the mass eccentricity. After analysing the dynamic model of the measured gimbal axis, a new approach is proposed to test the static unbalance of the gimbal axis. Considering the periodicity of the sine function, the static unbalance can be obtained by a multi-cycle integration of the drive currents which are collected when the measured gimbal axis is driven to do a small angle sinusoidal motion. A measuring system using this test method is also developed. The NI Company multifunction card is used to perform the data acquisition and processing in the developed measuring system, which not only reduces the design complexity of the software and hardware, but also enhances the measurement accuracy. Finally, the accuracy and stability of the method proposed in this study is confirmed by the experimental results.
This paper not only develops a novel method to measure and poise the unbalanced gimbal axis for the inertial stabilization platform, but also provides a new solution for measuring the static unbalance rotor of another assembled machinery. This test method does not cause a contamination of the device under test and also has a high environmental adaptability and a high test speed. Because of the good characteristics, this method will be widely applied in the engineering field.
